We studied the disc of the unclassified B[e] star HD 50138, in order to explore its structure, and to find indications for the evolutionary status of this system, whether it is a young Herbig Be or a post-main-sequence star. Using high spatial resolution interferometric measurements from MIDI instrument (N-band) on the Very Large Telescope Interferometer, we analysed the disc size, the time-variability of the disc's thermal emission, and the spectral shape of the 10 µm silicate feature. By fitting simple disc models, we determined the inclination and the mid-infrared size of the disc, confirming earlier results based on a lower number of observations. We searched for mid-infrared temporal variability of different regions of the disc, and concluded that its morphology is not experiencing significant changes over the observed epochs. We characterized the mid-infrared silicate feature by determining the feature amplitude and the 11.3/9.8 µm flux ratio. The latter parameter is a good indicator of the grain size. The shape of the feature suggests the presence of crystalline silicate grains in the disc. The interferometric data revealed a strong radial trend in the mineralogy: while the disc's innermost region seems to be dominated by forsterite grains, at intermediate radii both forsterite and enstatite may be present. The outer disc may predominantly contain amorphous silicate particles. A comparison of the observed spectral shape with that of a sample of intermediate-mass stars (supergiants, Herbig Ae/Be stars, unclassified B[e] stars) implied that the evolutionary state of HD 50138 cannot be unambiguously decided from mid-IR spectroscopy.
INTRODUCTION
B[e] stars are a class of stars with B spectral type, showing forbidden optical emission lines and infrared (IR) excess, which is emitted by circumstellar dust (Allen & Swings 1976) . The B[e] phenomenon is still not very well understood, despite a long history of observations. B[e] stars constitute a heterogeneous group regarding stellar evolution, divided into five main subclasses: supergiants, pre-main sequence (Herbig B[e] ) stars, compact planetary nebulae, symbiotic stars, and unclassified B[e] stars (Lamers et al. 1998) . Currently half of the B[e] stars are unclassified (Borges Fer-E-mail: varga@strw.leidenuniv.nl nandes et al. 2011), however, high spatial resolution observations can provide an efficient classification tool for them (Miroshnichenko 2007) . A notable feature of unclassified B [e] stars is their high mass loss rates, compared to normal mainsequence stars, which can not be explained by the windtheory for main-sequence B-type stars (de la Fuente et al. 2015) . Originally unclassified B[e] stars were thought to be isolated objects, but recently de la Fuente et al. (2015) reported that these objects can be also found in clusters. They estimated the age of the stars in the range from 3.5 to 6.5 Myr, which is out of the range for both pre-and post-main sequence origin, as the former phase lasts for ∼ 0.1 Myr, and the main-sequence lifetime is 15 − 20 Myr for a 12 M star. Miroshnichenko (2007) revised the classification of B [e] stars, and proposed a new name, FS CMa stars, for the unclassified B[e] objects. He argued that these stars are binary systems undergoing rapid mass exchange, and that they are still on or close to the main sequence. The known fraction of binaries among unclassified B[e] stars is about 30 per cent. Binarity could also explain the high observed mass loss rates.
The forbidden lines in the spectrum of B[e] stars are originating from low density, extended circumstellar material. Other common properties in their optical spectrum are the strong Balmer emission lines and permitted emission lines of low ionization metals, emitted above the stellar photosphere by a ∼ 10 4 K hot ionized gas. The temperature of the dust around the star is about 500 to 1000K (Lamers et al. 1998) , but the presence of hot dust (T ∼ 1500 K) has been also considered to model the K band continuum emission (Ellerbroek et al. 2015) . There is substantial evidence that the dusty material around B[e] stars is geometrically distributed in a circumstellar disc. Herbig B[e] stars definitely have protoplanetary discs, formed by the collapsing protostellar cloud core. Other types of B[e] stars are also candidates for hosting circumstellar discs, which are formed from the ejected material from the star (Oudmaijer 2012) . Moreover, new models reproducing forbidden emission lines and observations indicate that B[e] supergiants can also host circumstellar rings .
HD 50138 (aka. MWC 158) is a B6-7III-V[e] star (Borges Fernandes et al. 2009) , with a mass of 6 − 7 M (Borges Fernandes et al. 2009; Ellerbroek et al. 2015) , at a distance of 377 ± 9 pc (Gaia Collaboration et al. 2018; Bailer-Jones et al. 2018) . We adopted this distance value for the further analyses. HD 50138 has been classified as a classical Be star or as a Herbig Ae/Be star by several authors (Borges Fernandes et al. 2011) . Jaschek et al. (1993) stated that it is in a transitional state between a classical Be and a B[e] star. Later Lamers et al. (1998) labelled it as an unclassified B[e] star. Due to the difficulty of the classification, its evolutionary phase is not known. HD 50138 exhibits strong spectral variability, with time-scales lasting from days to months (Pogodin 1997) . Borges Fernandes et al. (2009) analysed the spectroscopic variability of HD 50138 using high-spectral-resolution optical spectra from 1999 and 2007. They suggested that a new shell phase could have taken place before 2007. They determined the stellar parameters and got log(L /L ) = 3.06 ± 0.27 for the stellar luminosity (2.81±0.27, if recalculated with the new Gaia DR2 distance). Jeřábková et al. (2016) monitored this star over twenty years using optical spectroscopy. They confirmed the already reported quasi-periodic nature of the spectral variations (with a combination of two periods of ∼9 and ∼14 years). They found only modest signatures for regular short term variability, but a 30 day period can be detected in the radial velocity measurements of Merrill (1931) . Such a period can be consistent with the orbital period of a binary system with mass transfer between the components.
The binarity of HD 50138 has been hypothesized by several authors. Baines et al. (2006) used spectro-astrometry to detect binary companions in a sample of intermediate-mass stars. They stated that the observed spectral signatures of HD 50138 are consistent with binarity. The separation of the companion is estimated to be in the range from 0.5 to 3 . Near-IR interferometric observations also indicate asymmetries in the distribution of the circumstellar material, which can also be explained with the presence of a companion (Ellerbroek et al. 2015; Lazareff et al. 2017; Koutoulaki et al. 2018) .
More recently, IR interferometry proved to be a powerful tool to reveal the structure of the circumstellar environment of B[e] stars (Borges Fernandes 2010) . The existence of the circumstellar disc of HD 50138 has been directly confirmed by high resolution near-and mid-IR interferometric observations (Borges Fernandes et al. 2011) . If the star is a post-main-sequence object, then the disc is likely formed by decretion or as a result of binary interaction (Ellerbroek et al. 2015) . Borges Fernandes et al. (2011) specified the geometrical parameters of the disc using near-and mid-IR interferometric observations from the VLTI/AMBER, VLTI/MIDI and the Keck segment-tilting experiment. They got i = 56 ± 4 • for the inclination and θ = 71 ± 7 • for the position angle of the disc. Ellerbroek et al. (2015) observed the Brγ line with VLTI/AMBER. They were able to resolve the disc, and found that the line emitting region is smaller (< 2.3 au, adopting the new Gaia DR2 distance), than the continuum emitting region. This is expected, as the line emission comes from the inner few au region, which is too hot for dust to exist. Kluska et al. (2016) monitored HD 50138 with VLTI/PIONIER in H band over three epochs. They found that the morphology of the circumstellar environment is asymmetric, and varies over weekly or daily time scales. They explained this variability with a model which includes a disc and a bright spot which moves around the central star. Fitting the data with a circular trajectory they got 5.2 mas (= 1.96 au, adopting the new Gaia DR2 distance) for the radius, and P = 88 days for the orbital period. The orientation and inclination of the fitted orbit is in agreement with the results of Borges Fernandes et al. (2011) . The fit is not good enough to confirm the existence of a companion. They found it likely that the bright spot is actually a disc asymmetry, which could be caused by spiral arms or other disc features. Lazareff et al. (2017) observed HD 50138 as a member of a large sample of Herbig Ae/Be discs in the H band using VLTI/PIONIER. They fitted models to the data to determine the geometry of the inner disc. They found 68 − 72 • for the position angle and 56 − 58 • for the inclination, which is in excellent agreement with the results of Borges Fernandes et al. (2011) from mid-IR data. They also noted that disc asymmetry is indicated by the closure phases. Most recently, Koutoulaki et al. (2018) presented an interferometric study with VLTI/AMBER, revealing that the circumstellar environment is complex. They estimated a size of 0.7 − 1.1 au for the continuum emitting region, and ∼0.4 au for the H i emitting region 1 . They also found, in agreement with the results of Ellerbroek et al. (2015) , that the Brγ line-emitting gas is located in a Keplerian rotating disc. These authors noted that the observations indicate asymmetric disc structure, or maybe the presence of a companion. Although these IR interferometric studies revealed much of the rich structure of the circumstellar environment of HD 50138, they were unable to draw conclusions of the evolutionary state. Most au-thors, however, slightly favour the post-main-sequence scenario. Lee et al. (2016) studied eight isolated B[e] stars, including HD 50138. They argued that HD 50138 is a post-mainsequence star on the basis, that it is not associated with any known star forming region. They observed HD 50138 with the Submillimeter Array (SMA) at 1.3 mm, and it was unresolved with an angular resolution of ∼1 (∼400 au). The steep fall-off of the spectral energy distribution at submillimetre wavelengths indicates a lack of cold grains, thus more compact distribution of dusty circumstellar material than that in typical Herbig stars.
Much can be learned about the dust composition of the circumstellar material by analysing the mid-IR silicate spectral features. Such kind of studies is commonly performed among pre-main sequence stars (e.g., van Boekel et al. 2005; Juhász et al. 2010; Maaskant et al. 2015) . Thus, analysing the mid-IR spectrum can possibly help to resolve the evolutionary state of HD 50138, and other unclassified B[e] stars. Borges Fernandes et al. (2011) noted that the shape of the 10 µm spectral feature of HD 50138 indicates crystalline silicate grains (e.g., ortho-enstatite), but they did not make a detailed analysis. Mid-IR variability (including spectral variability and possible changes in the disc density and thermal structure) have also remained unexplored. Mid-IR interferometry may also provide clues for the existence of the putative binary companion.
In this paper we aim to address these questions by studying the circumstellar disc of HD 50138 with high spatial resolution mid-IR observations obtained with the VLTI/MIDI, presenting the first spatially resolved analysis of the mid-IR silicate spectral feature. The structure of the paper is as follows: In Sect. 2 we describe the observations and the data reduction. In Sect. 3 we present the results of our interferometric analysis on the disc geometry, check for variability, examine the mid-IR interferometric spectra, and search for signatures of binarity. In Sect. 4 we analyse the properties of the circumstellar dust, and discuss if the new results could shed light on the evolutionary status of this enigmatic source. Finally, in Sect. 5 we summarize our results.
OBSERVATIONS AND DATA REDUCTION

Observations
The Mid-infrared Interferometric Instrument (MIDI, Leinert et al. 2003) was mounted on the Very Large Telescope Interferometer at ESO's Paranal Observatory, Chile. It was an interferometer, combining the light of either two 8.2 m Unit Telescopes (UTs) or two movable 1.8 m Auxiliary Telescopes (ATs). MIDI worked in the 7.5 to 13 µm spectral range, with R ≈ 30 (prism), or R ≈ 230 (grism) spectral resolution.
Earlier MIDI observations of HD 50138 from 2007/08 and 2008/09 were already published by Borges Fernandes et al. (2011) . We obtained additional new data in 2014/2015 under our ESO program 094.C-0629(B) (PI: P.Ábrahám). The purpose of these measurements was to monitor the possible variability of the source. All, earlier or new, observations were taken with ATs using the prism as the dispersing element. The distribution of the observations in the uv-plane 
Data reduction
We evaluated both the old and our new data, downloaded from the ESO public archive. The raw data are processed by the Expert Work Station (EWS) software (Chesneau 2007; Köhler & Jaffe 2008) . Following Menu et al. (2015) , the calibration of the target was performed on a nightly basis by determining a transfer function. Instead of taking the closest calibrator observation to determine the value of the transfer function, we perform a linear interpolation in time, by using different calibrators observed the same night (Table 1) . Since the transfer function is a time-dependent quantity, the advantage of our strategy is to correct for this time dependency. The transfer function includes the instrumental and sky responses. Then the total and the interferometric (correlated) spectra were calibrated separately. The final data products consist of the total spectra, correlated spectra, spectrally resolved visibilities and differential phases, all in the 7.5 − 13 µm spectral range. The uncertainties of the final spectra are dominated by systematic calibration errors of 10−20 per cent. The uncertainty of the correlated spectra are considerably smaller than that of the total spectra, because the background can be more efficiently subtracted from the interferometric measurements (for more details, see Menu et al. 2015) . The 9.4 − 10 µm wavelength range is affected by atmospheric ozone absorption, which makes the total spectrum calibration even more problematic. Thus, we do not use total spectrum data from this range in our analysis. The corresponding parts of correlated spectra, due to the more efficient background removal, are less affected by the ozone absorption, and are still usable. The interferometric observations flagged as good quality by our data reduction, and useful for further analysis are listed in Table 1 , and plotted in blue in Fig. 1 . The table also lists the calibrators with their angular diameters taken from the calibrator database of Roy van Boekel, included in the MIDI data reduction package. In a few cases the total spectrum measurements were unreliable (marked as bad quality in Table 1 ), and not used in the further analysis. Some correlated spectra have no corresponding total spectrum observation, but we can still use them.
RESULTS
Geometric modelling
Interferometric observations can be used to characterize the geometry of circumstellar discs. Monnier et al. (2009) and Borges Fernandes et al. (2011) have already determined the basic properties of the disc of HD 50138 at mid-IR wavelengths. They used various geometric models to determine the size, the inclination, and the position angle (φ) of the major axis. In the following, adding our new data from 2014/15, we re-evaluate the system morphology. First we use a simple Gaussian brightness distribution model to determine the orientation of the disc. Then we apply a semi-physical interferometric model to determine the size of the mid-IR emitting region and look for signs of variability. For every observation we determined a characteristic size of the disc, defined as the half width half maximum (HWHM) of a Gaussian brightness distribution fitted to the visibilities, according to the following formula:
where λ is the wavelength, in this case λ = 10.7 µm, V is the visibility at the selected wavelength, and B p is the projected baseline length. The results are shown in Fig. 2 . We get sizes to different position angles. This enables us to measure the inclination of the disc. Therefore we fitted an ellipse to the resulting Gaussian sizes taking into account uncertainties with inverse squared error weighting. The fitted ellipse is plotted on Fig. 2 . From the plot it can be seen, that the data points from 2007 are close to the minor-axis of the projected image of the disc, and the data from 2008-2009 are aligned with the major-axis. Our new measurements, however, are Fernandes et al. (2011) , although they used different interferometric models to fit the data. One of their models, which provided the best results, contained two elliptical Gaussian distributions, representing a compact and an extended component. The semi-major axis of the fitted ellipse in our fit, i.e. the halflight radius (HWHM of the Gaussian model) of the disc is 8.3 ± 0.3 au (21.9 ± 0.8 mas).
Pre-main sequence Herbig Ae/Be and T Tauri stars are known about their inherent brightness variability. The changing emission of the young star affects the irradiation of its disc, and the disc may show variability in its IR thermal emission, too. In order to outline any IR variability of HD 50138, we analysed all MIDI observations that cover a time span of seven years from 2007 to 2015. However, the direct comparison of interferometric observations taken at different baselines and position angles is not straightforward. We need to fit a geometric model which can predict the expected signal for each individual measurement. In the following we develop such a simple semi-physical model, and use it to compare the observations to search for temporal variability.
The disc in our model is geometrically thin, circularly symmetric, and it is defined by an inner and an outer radius, manifesting a ring structure. We use the formerly derived inclination and position angle, and calculate effective baselines (B eff ) to account for the disc orientation in the interferometric modelling. It is done with the re-projection of the projected baselines:
These equations describe the rotation and compression of the baseline reference frame. For more details we refer to Berger & Segransan (2007) . Using effective baselines makes possible to use our data as if the disc were face on. If we suppose that the disc is circularly symmetric, then we do not need to take into account the position angle of measurements when comparing different epochs.
In our model we assume that the disc radiates as a blackbody:
where I ν is the wavelength dependent intensity, τ ν is the opacity, B ν is the Planck-function, and T is the temperature. The dependency of the temperature on the radius (r) is a power-law:
where R in is the inner radius, T in is the temperature at R in , and q defines the temperature gradient. Following Menu et al. (2015), we derive the relation between R in and T in as
where L is the luminosity of the star. For L we use the value by Ellerbroek et al. (2015) , but recalculating it for the new Gaia DR2 distance measurement: L = (680 ± 230) L . The outer radius is fixed at 300 au where the mid-IR emission is negligible. The total flux density, which is the integrated emission of the source over the whole disc (F tot,ν ), and the correlated flux density (F corr,ν ) are derived from the following formulas: Fig. 2 . Inset: false-colour image of the disc, based on the interferometric model. The colour channels correspond to 8 − 9.5 µm (blue), 10 − 11.3 µm (green), and 11.5 − 13 µm (red) wavelengths.
where J 0 is the zero-order Bessel-function, and d is the distance of the star. The half-light-radius (R hl ) of the disc is defined as the radius at which the integrated intensity is half of the total flux density:
Based on our model, we can compare the MIDI data points and check for potential variability, accounting for the different effective baselines and position angles of the individual measurements. Figure 3 shows the data, overplotted with the best-fitting model. The large scatter in the total flux data (at zero baseline) is mainly due to the larger uncertainty in the total spectrum calibration, compared to the interferometric measurements (Sect. 2.2). In the fitting process we varied two free parameters, q and R in . The bestfit parameters are computed in a grid, by maximizing the log-likelihood. Table 2 presents the results for five selected wavelengths.
We have got 2.7 − 3.7 au (7.2 − 9.9 mas) for the inner radius, with an increasing trend with wavelength. We can compare this result with the dust sublimation radius (R sub ), which can be computed from Eq. 8, by substituting T in = T sub = 1500 K for the sublimation temperature (Dullemond & Monnier 2010 ). The corresponding sublimation radius is 1.8 ± 0.3 au (4.7 ± 0.8 mas). This is smaller than the observed inner radius, suggesting the presence of a hole in the dust disc. For a certain inner radius we can compute an equilibrium temperature using Eq. 8. The equilibrium temperatures at the inner disc edge are in the range of 1050 − 1200 K. The mid-IR measurements trace the distribution of the dust. However, the detected hole is not empty, as gas was detected within this radius (Ellerbroek et al. 2015; Koutoulaki et al. 2018) . This is the first detection of an inner dusty disc hole (which is larger than the sublimation radius) in the dusty disc of a B[e] star to our knowledge. We note, however, that combined multi-wavelength data-sets are needed to unambiguously determine the exact parameters of the inner dusty disc hole (as an example, we refer to Menu et al. 2014) .
Similar inner disc gaps are frequently observed in young intermediate-mass systems, in particular in transitional discs (Espaillat et al. 2014 ), but were also detected with MIDI around other Herbig Ae/Be stars (Menu et al. 2015) . There are several clearing mechanisms proposed, like grain growth, photoevaporation, and dynamical clearing by a (sub-)stellar companion (Espaillat et al. 2014) . Kluska et al. (2016) reported a moving asymmetry in the disc of HD 50138, which could be fitted with a circular trajectory with a radius of ∼2 au. However, they could not directly link the asymmetry to the presence of a companion, rather they hypothesized that it may be a spiral arm or other disc asymmetry. We note that spiral arms in circumstellar discs can be induced by companions or planets (e.g., Bae & Zhu 2018; Boehler et al. 2018; Dong et al. 2018; Müller et al. 2018; Wagner et al. 2018) . Such a scenario can be compatible with the observed features of the disc around HD 50138.
Near-IR interferometric observations of HD 50138 (e.g., Lazareff et al. 2017; Koutoulaki et al. 2018 ) yielded a smaller size (0.7 − 1.1 au) for the continuum-emitting region. Such deviations can result from the existence of an additional continuum-emitting component inside the sublimation radius, usually attributed to refractory dust or to hot gas by some authors (e.g., Benisty et al. 2010) . Alternatively, an optically thick inner disc applied to disc models of Be stars, similar to the pseudo-photospheres in luminous blue variables, can also provide an explanation (Vieira et al. 2015) . The nature of this component however, is not very well constrained.
From our model we determine a range of 8.2 − 9.5 au (21.9 − 25.1 mas) for the half-light radius as a function of wavelength. We found that the half-light radius at wavelengths corresponding to the continuum (R hl = 8.2 − 8.6 au) is smaller than at wavelengths corresponding to the silicate feature (R hl = 9.2 − 9.5 au). This means that the optically thick continuum is confined to a smaller area than the optically thin silicate emission.
We checked the residual distribution of the data points around the best fit model line in Fig. 3 . We mark the epochs of the observations with colour. In the 25 m < B eff < 40 m range some data points are significantly above the model, possibly indicating fine structures not accounted by our simple geometry. However, we found no trend in the residuals with time, thus excluding any significant variability in the mid-IR morphology of the disc over the observed seven year time range. Possible variations in the total flux data will be discussed in Sect. 4.2.
The 10 µm silicate feature
There are several notable spectral features observable in circumstellar discs in the N-band, such as the features of silica, various silicates, and polycyclic aromatic hydrocarbons (PAHs). The MIDI spectra of HD 50138 have sufficient spectral resolution (R ≈ 30) and signal-to-noise ratio to study these features. The interferometric observations enable us to study any spatial variability in the spectra. With our time coverage of 7 years, we can also look for potential temporal changes in the spectra.
We sorted the observed correlated spectra into several groups, based on their inclination-corrected angular resolution, calculated from the effective baseline lengths. Angular resolution is measured as the half width at half maximum (HWHM) of a fringe. We defined three bins in resolution, corresponding to different regions of the disc: 3 − 8 au (8 − 21 mas, innermost disc), 8 − 14 au (21 − 37 mas, inner disc), and ∼23 au (∼61 mas, intermediate disc). As a fourth bin, we included the total spectra, which contain emission from the full disc. Since within the individual groups there was no obvious dependence of the spectral shape on the Ring spectra r < 8 au 8 au < r < 14 au 14 au < r < 23 au r > 23 au Figure 4 . Averaged spectra of various radial disc regions, derived from the correlated and total spectra. Left: integrated emission within given radii. Right: differential spectra from ring-shaped regions.
position angle, we averaged the spectra in each bin. The resulting spectra correspond to all integrated emission within a given disc radius determined by the resolution. The results are plotted in the left panel of Fig. 4 . In order to explore the differences among the radial disc regions, in the right panel of Fig. 4 we present differential spectra between the averaged spectra, which represent emission of ring-shaped regions in the disc. The averaged spectra, both the total and correlated ones, exhibit a broad emission feature at 10 µm, characteristic of the emission of small silicate grains. The correlated spectra show clear edges in the spectral feature at 9.2 and 11.3 µm. These turning points seem also to be present in the noisier total spectra. The profiles, however, show significant variations in how strong are these turning points. The innermost disc spectrum (r < 8 au) is relatively flat, nevertheless it exhibits a definite change in its slope at 11.3 µm. While the intermediate regions show both edges with a characteristic plateau between 9.2 and 11.3 µm. The 11.3 µm edge in the total disc spectrum is less conspicuous. The amplitude of the feature gets smaller in the inner and innermost disc regions. 
Binarity
Following previous near-IR interferometric studies that observed disc asymmetries (e.g., Kluska et al. 2016; Koutoulaki et al. 2018) , we examined the MIDI data to find indications for binarity. The binary signal in the spectrally resolved correlated spectra and differential phases usually appears as a sinusoidal modulation. Some of the highest resolution correlated spectra of HD 50138 show patterns, which might be interpreted as a binary modulation. In Fig. 5 we show three spectra of this kind (top panel). As the correlated spectra also exhibit silicate emission, it is difficult to disentangle the potential sinusoidal binary signal from the spectral feature. A companion or an asymmetric disc structure would also cause a modulation in the differential phases, plotted on the bottom panel. The differential phase curves show some deviations from the flat zero degree line, but the signal is generally too weak and noisy to be able to confirm binarity or more generally an asymmetric disc structure. MIDI is sensitive to binaries with separations larger than ∼50 mas, with mid-IR flux ratios larger than ∼0.1 (Varga et al. 2018 ). Since we do not see clear indication for binarity from these data, the companion is either closer to the star than this limit, or is too faint in mid-IR, or both. Furthermore, the possibility that there is no companion cannot be discarded.
DISCUSSION
Dust properties
Cosmic dust grains are predominantly formed in the stellar wind of AGB stars, then distributed in the interstellar space. Miroshnichenko (2007) In the latter two classes the companion is possibly responsible for the mass loss, and the dust is formed in a dense radiation-driven stellar wind, where self-shielded parts (from UV radiation) are the cradles for dust condensation. Miroshnichenko (2007) also suggests that the dust in unclassified B[e] stars should form around the binary, as a consequence of a recent or ongoing rapid mass transfer phase. However, the same author claims that only 30% of unclassified B[e] stars are suspected or recognized binaries. Thus, a single star scenario with dust formation in the circumstellar disc cannot be discarded. de la Fuente et al. (2015) presented an alternative hypothesis, that a stellar merger can also explain the formation of large amounts of circumstellar dust, thus unclassified B[e] stars could be the products of a recent merger. From the observational side, Miroshnichenko et al. (2011) studied the mid-IR spectra of 25 unclassified B[e] stars, and they detected silicate emission features in most observed objects, and PAH emission in some.
Discs around Herbig B[e] stars are formed by the collapse of the protostellar cloud, which contains interstellar dust. The majority of these grains are small, sub-micron sized amorphous silicate particles (Kemper et al. 2004 ). In circumstellar discs, however, grains can be reprocessed through crystallization and grain growth. There are several crystal formation mechanisms, like thermal annealing in the inner disc above a temperature of ∼1000 K; re-condensation after evaporation; or heating by shock waves (Fabian et al. 2000; Harker & Desch 2002; Gail 2004) . Gail & Sedlmayr (1999) found that crystalline olivine can even directly condense out from the stellar wind of oxygen-rich mass-losing stars. Crystalline grains are found throughout the discs, indicating that if crystalline dust formed close to the star, it had to be transported to the outer disc. Radial transport mechanisms, such as disc/stellar winds are proposed for protoplanetary discs (e.g., Gail 2001 Gail , 2004 . Alternatively, shock waves due to gravitational instabilities, or episodic outbursts can induce crystal formation at a greater distance from the central source.
Our MIDI spectra exhibit characteristic silicate emission profiles, with two conspicuous edges at 9.2 and 11.3 µm, and with a variety of the relative strength of the feature above the continuum (Sect. 3.2, Fig. 4 ). Such features may imply the presence of crystalline silicates of different types, but may also be related to grain growth Przygodda et al. 2003) . Additionally, the replenishment of dust at the disc surface by large grains, coming from the midplane or inner regions, may also take place here (e.g., Ciesla 2007; Turner et al. 2010) . Thus, it is hard to determine the origin of the spectral features unambiguously. In the following, we will try to interpret our MIDI results in different scenarios, and draw conclusions about the radial dust composition of the inner circumstellar disc.
In order to explore if the spectral shape could be due to crystalline silicates, we compare the features present in the spectra of HD 50138 with various laboratory spectra of silicate dust grains from van Boekel et al. (2005) (Fig. 7  therein) . To determine the exact dust composition, we would need very high signal-noise ratio (Juhász et al. 2010) . The MIDI spectra are less adequate for such analysis, nevertheless we can decide whether amorphous or crystalline dust is the dominant component, and we can identify the most likely mineral types. Fig. 7 of van Boekel et al. (2005) suggests that the shoulder at 11.3 µm may be attributed to crystalline forsterite particles. While PAHs may also exhibit a peak at this wavelength, the fact that the feature is present in the correlated spectra makes a PAH interpretation unlikely. The emission of these carbonaceous particles is expected to be distributed smoothly over a very large spatial region, due to their transient heating (Allamandola et al. 1985) , compared to the more compact 10 µm silicate emission. Thus, it would be mostly filtered out by the interferometer, as such large structures become fully resolved at the baselines we used. Consequently the interferometric signal of the PAHs is very low at usual VLTI configurations, compared to the warm, silicate emitting circumstellar material. PAH features could be seen in the MIDI total spectra, but we find no indication for it in the case of HD 50138. In the correlated spectra we see a shoulder around 9.2 µm. This wavelength is somewhat shorter than that of the strong forsterite peak at ∼10 µm, thus we propose that the 9.2 µm feature in our spectra is more likely to be either enstatite or silica (see Fig. 7 from van Boekel et al. 2005) . A contribution from small amorphous particles would follow a sharp, triangular shape emission feature peaked at about 9.8 µm, which may contribute to the outer disc spectrum.
In the framework of the crystalline scenario, one would conclude that the innermost part of the HD 50138 disc (within 8 au) is mainly populated by forsterite grains, while at intermediate radii 8 − 23 au) also enstatite appears with comparable amplitude. This radial distribution might suggest that in the innermost disc the temperature is too high for enstatite, although from our modelling we expect T ≈ 600 K at 8 au, indicating that both species can exist in the < 8 au region (for dust condensation temperatures we refer to Grossman 1972 and Tielens 1990) . Maybe the fraction of enstatite in the innermost region is too low to detect it in the MIDI spectra. The outer part of the disc (r > 23 au) lacks the 11.3 µm edge, but exhibits a broad peak between 8 and 9 µm. The shape of this feature does not well match with the templates of van Boekel et al. (2005) , but it may correspond to silica or small amorphous (pyroxene) particles. Considering, however, the relatively large radii, and that crystallization mostly take place in the hot inner disc, the latter explanation is more appealing. A similar trend, that the level of crystallinity is higher toward the centre and lower in the outer disc was observed by van Boekel et al. (2004) .
In the presence of a population of larger, micrometersized silicate grains, the profile of the 10 µm peak will ex- hibit a characteristic trapezoidal shape . Studying a sample of young intermediate-mass Herbig Ae/Be stars, van Boekel et al. (2003) found a linear relationship between the ratio of the 11.3 to the 9.8 µm fluxes of the continuum-subtracted spectra and the strength of the silicate feature (Fig. 6) . The authors interpreted this relationship as evidence for the removal of small (∼ 0.1 µm) grains from the disc surface while large (1 − 2 µm) grains remain, and for the increased presence of crystalline silicates. In HD 50138 the spectral shapes at intermediate disc radii (8 < r < 23 au) are trapezoidal. In order to check whether these spectra could be interpreted in terms of grain growth, following van Boekel et al. (2003) we computed the normalized spectra with the following formula:
where F ν, norm is the wavelength dependent normalized flux, F ν is the flux, and F ν, cont is the continuum which we determined from a linear fit to the data points between 7.5 and 8.0 µm and between 12.5 and 13 µm. The strength of the feature is then determined as the maximum of F ν, norm . The flux ratio is derived from the continuum-subtracted spectra. The results, computed for the different ring-shaped disc regions of Fig. 4 , are overplotted in Fig. 6 . In case of the outer disc spectrum (r > 23 au) we could not get a reliable estimation, because of the large uncertainty of the linear continuum fit. Thus we do not show the corresponding data point in the figure. The data points representative of three disc regions outline a trend, that is significantly steeper than the relationship of the Herbig Ae/Be stars. We suggest that the spectral shapes in HD 50138 are more consistent with the presence of crystalline grains in the disc than with grain growth. Now we try to characterize the expected differences between the dust content of pre-main-sequence B[e] and unclassified B[e] stars in order to shed light on the origin of dust around HD 50138. In pre-main-sequence stars the dust mainly originates from an existing interstellar cloud, while in unclassified B[e] stars it is supposed to form in situ around the star, in an inside-out fashion. This should result in observable differences between these classes. Therefore the dusty discs around older B[e] stars are expected to be compact, and the freshly condensed dust grains should be very small (Lee et al. 2016 ). In the case of HD 50138 we showed that the mid-IR emitting region has a size of R hl ∼ 9 au. We can compare this size to the results of Menu et al. (2015) , who studied the size distribution of discs around pre-mainsequence stars. We find that the mid-IR size of HD 50138 is similar to the size of discs around Herbig Be stars with similar luminosities (which are in the range of ∼ 3 − 10 au). We note, however, that a really compact appearance for older B[e] stars is expected at longer wavelengths, due to the lack of cold dust in these systems. Lee et al. (2016) found that the fall-off of the SEDs of HD 50138 and HD 45677 toward submillimeter wavelengths suggests a lack of cold grains, thus more compact dusty envelopes than those around Herbig stars. Sandell et al. (2018) confirmed that there is very little cold dust in the disc of HD 50138. Furthermore, they found that 13 CO in the disc is enriched by more than a factor of five, which is uncommon for young stellar objects, supporting that HD 50138 is not a Herbig star.
The other expectation for dust around older B[e] stars is the presence of freshly produced grains. In the case of HD 50138 we clearly see the signs of dust evolution, with the more processed dust located closer to the star. This seems to contradict the inside-out dust formation scenario, and a similar trend were observed in discs around pre-main sequence stars (e.g., van Boekel et al. 2004; Varga et al. 2018 ). This argument might seem to support the interstellar origin of the dust around HD 50138. We note, however, that crystalline silicates are frequently found around evolved stars (AGB stars and red supergiants) (e.g., Waters et al. 1996; Speck et al. 2000; Liu et al. 2017) , and many aspects of the dust condensation sequence and crystallization are still unclear. A possible scenario, which was proposed for AGB and red supergiant stars (Waters et al. 1996) , is that in dense parts of the stellar wind the dust can stay warm long enough to allow formation of crystals.
Variability
HD 50138, as other B[e] stars, shows permitted and forbidden emission lines in its spectrum, which traces the gas content. The dust is observed by its IR excess and the silicate spectral feature. A notable result of our geometric modelling, that we do not detect significant changes in the structure of the N band emitting disc region (Sect. 3.1). This is different from the results on both the optical spectral line variations (Jeřábková et al. 2016 ) and the changes in the near-IR morphology of the disc (Kluska et al. 2016) . The location of the optical and near-IR variable features is likely the central area of the system, inside r ≈ 2 au, which is the radius of the rotating H band asymmetry. From our modelling we find that the N band emitting region begins at R in ≈ 2.7−3.7 au. Thus the more dynamic innermost and less variable outer part of the system may be spatially separated. We note, however, that the temporal coverage of our observations are sparse, MJD (+2400000) and thus not well suited for variability analysis. Additionally, the time scales we can probe (typically a few weeks to years) are either too long or too short compared to most periods of optical spectral variations (Pogodin 1997; Borges Fernandes et al. 2012; Jeřábková et al. 2016) .
Apart from the morphology, we can also look for variations in the total N band flux. We divided our observations into three bins, representing the measurements from 2007, 2008/2009, and 2014/2015 . We then calculated a median total spectrum in each bin. We found that the average N band flux was 30 per cent lower in 2007 than later, which indicates real time variability. Comparing this finding with the optical line monitoring of Jeřábková et al. (2016) , we do not observe correlations between the long-term trends of the optical and mid-IR variations.
In Fig. 7 we compare the N band flux variations to optical photometric data from the ASAS3 (Pojmanski 1997) and ASAS-SN (Shappee et al. 2014; Jayasinghe et al. 2018) databases. We plot an additional N band data point calculated from a Spitzer Infrared Spectrograph observation 2 from 2004-10-26. The optical measurements by the ASAS3 outline a trend showing a slight dip around MJD (+2400000) = 54000, which may be correlated with the first three N data points. The average magnitude level of the ASAS-SN data is ∼ 0.15 mag lower than that of the ASAS3 data, however, the last MIDI flux is still high. Therefore the correlation may not hold for an extended period of time. Borges Fernandes et al. (2012) analysed the optical line profile variability of HD 50138 and also confirmed night-to-night variations. They pointed out that strong short-term changes are linked to the lines formed in the upper layers of the stellar atmosphere, while lines originating in the circumstellar environment (e.g., [O i]) are not variable over daily time
SUMMARY
We have studied the circumstellar disc of the unclassified B[e] star HD 50138 using mid-IR (7.5 − 13 µm) interferometric spectra observed between 2007 and 2015 with the VLTI/MIDI instrument. The main results of our analysis are as follows:
• We determined the orientation of the circumstellar disc from the visibilities at 10.7 µm. The resulting inclination is 56.6 • +2.3 • −1.1 • , and the position angle is 63.4 • +1.5 • −3.4 • (measured from north to east), in agreement with previous results.
• We fitted the interferometric data with a geometric disc model adopting ring geometry, and blackbody radiation with a power-law temperature profile. We obtained 2.7−3.7 au for the disc inner radius, with an increasing trend with wavelength. The inner radius is larger than the dust sublimation radius, providing, to our knowledge the first detection of an inner dusty disc hole around a B[e] star. We note, however, that modeling of combined multi-wavelength data-sets are needed to confirm the detection.
• From the model we determine a range of 8.2 − 9.5 au for the half-light radius as a function of wavelength. We found that the half-light radius at wavelengths corresponding to the continuum (R hl = 8.2 − 8.6 au) is smaller than at wavelengths corresponding to the silicate feature (R hl = 9.2 − 9.5 au). This means that the optically thick continuum is confined to a smaller area than the optically thin silicate emission.
• We analysed the MIDI spectra on different spatial scales. The correlated spectra show a clear feature between 9.2 and 11.3 µm. The amplitude of the feature gets smaller in the inner disc regions.
• The spectra signs of dust evolution. We interpret the observed spectral shapes with two scenarios: (1) crystallization of silicate dust grains (forsterite, enstatite, silica), and (2) grain growth. We suggest that the spectral shapes in HD 50138 are more consistent with the presence of crystalline grains in the disc than with grain growth.
• A novel result is that our interferometric data revealed a strong radial trend in the disc mineralogy: while the innermost region seems to include only forsterite grains, at intermediate radii both forsterite and enstatite are present. The outer disc may predominantly contain amorphous silicate particles.
• Our observations implied no significant temporal variability of the mid-IR disc morphology or the silicate emission profile over the period [2007] [2008] [2009] [2010] [2011] [2012] [2013] [2014] [2015] . However, we found that the average N band total flux was 30 per cent lower in 2007 than at the other epochs, which indicates real time variability.
• We examined the MIDI data to find indications for binarity. We found no clear evidence for a companion which is farther than ∼50 mas, with mid-IR flux ratio larger than ∼0.1.
• A comparison of the spectral shape of HD 50138 with a sample of various B[e] stars (supergiants, Herbig B[e] , and unclassified B[e] stars) revealed that the evolutionary state of HD 50138 cannot be determined from mid-IR spectroscopy.
Further multi-wavelength observations are needed to better constrain the nature of this enigmatic object, especially the aspects of the variability, possible binarity, asymmetries in the disc structure and the origin of the crystalline silicate grains in the disc. The Multi AperTure midInfrared SpectroScopic Experiment (MATISSE, Lopez et al. 2014; Matter et al. 2016) at the VLTI will provide better uv-coverage compared to MIDI and it will measure closure phases in the N band for the first time. This will enable us to investigate possible binarity and disc asymmetries in great detail, with respect to earlier similar studies at near-IR wavelengths (Kluska et al. 2016; Lazareff et al. 2017; Koutoulaki et al. 2018 ). L and M band spectral coverage of MATISSE can also complement our view on the inner disc structure of HD 50138.
